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ABSTRACT 
 

     The wind turbine tower is the sole supporting structure of a wind turbine and its 
stability and reliability determines the system’s safety, its power generation efficiency 
and the fatigue life of the wind turbine’s parts. Circular wind towers have been 
traditionally used, but limitations have become apparent with upsizing, so polygonal 
towers have been proposed. The present study investigates the effects of polygonal 
cross-sections on the aeroelastic characteristics of wind turbines through wind tunnel 
tests. It was found that for tower-only cases, a square tower shows instability vibrations 
while polygonal towers show limited vibrations. However, for towers with a wind turbine 
mounted on them, these vibrations were not found and displacements increased in 
proportion to the square of the mean wind speed. 
 
1. INTRODUCTION 
 
     Global climate change and depletion of fossil fuels have increased the demand 
for renewable energy production and wind power have shown significant potential as 
clean and renewable energy resources. As large wind turbines reduce the cost of 
energy production, their sizes have been steadily increasing since the start of wind 
energy production. Longer blades optimize power generation and maximize returns on 
investments. As of 2017, the most powerful turbine was rated at 9.5 MW and had a 
rotor diameter of 164m. There has been steady growth in wind energy production in 
China, India, Brazil, and many other Asian and some African countries.  
The wind turbine tower is the sole supporting structure of a wind turbine, bearing not 
only the vertical load of a large and heavy topside structure (rotor and nacelle) but also 
horizontal wind and earthquake loads. The tower’s stability and reliability determines 
the system’s safety, its power generation efficiency and the wind turbine’s fatigue life. 
Wind loads on a wind turbine and its supporting tower are dominant design loads, and 
they result in significant vibrations. When wind turbine towers cannot function properly 
or suffer damage caused by extreme wind, the power generation efficiency is 
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negatively affected, causing considerable economic losses and social impact. There 
have been many reports of extreme events such as typhoons and storms that have 
damaged wind turbines and their supporting towers around the world (Chou et al. 2019; 
https://www.steelguru.com; Ma et al., 2019). Ma et al. (2019) described serious tower 
failures resulting from design and operation errors or inappropriate performance 
assessment. Therefore, a deeper understanding of tower aerodynamics and failure 
mechanisms is necessary for both academic and related industrial communities. Most 
dynamic analyses of wind turbine systems have been supported by long-term field 
measurements, CFD and numerical/analytical simulations. However, one challenge 
associated with CFD and numerical/analytical simulations is a lack of reliable 
experimental and field measurement data to verify CFD results and numerical/analytical 
simulations. Wind tunnel tests, one of the most reliable methods, have also been widely 
used to investigate the aerodynamic and aeroelastic performances of wind turbines as 
well as their power generation efficiency (Noda and Ishihara, 2012; Hu et al., 2012; 
Verelst et al., 2014; Bottasso et al., 2014; Mitulet et al., 2015; Treuren, 2015; Tian et al., 
2019). Problems related to Reynolds number have been important issues in conducting 
wind tunnel tests. Tian et al. (2019) pointed out that test results are acceptable once 
the aerodynamic characteristics of the topside structure are identified in the wind tunnel, 
even though Reynolds number is smaller than the full-scale one, implying that wind 
tunnel studies at low Reynolds numbers can still be used for validation and verification. 
With upsizing of wind turbines, a safety of supporting-tower should be highlighted. 
Traditionally, circular towers have been used. However, their limitations with wind 
turbine upsizing have become apparent, including problems related to manufacture, 
and low compressive and buckling strength. To overcome these problems, polygonal 
towers have been suggested and used in Europe (Figure 1), but there have been few 
studies on their wind-resistant performance. Park and Choi (2012), Choi et al., (2013) 
and Choi and Kim (2016) investigated the local buckling strength and/or uniaxial 
compressive strength of towers with polygonal cross-sections through finite element 
analyses. Their results were compared with values given in international codes, and 
they pointed out that the design strength for simply supported plates are applicable to 
the determination of the local buckling strength of polygonal cross-sectional towers. 
 

 

 
 
 
 
 
 
 
 
 
 
Fig. 1 Wind turbine with a tetradodecagonal tower 
(https://pdf.archiexpo.com/pdf/siemens-
gamesa/bolted-steel-shell-toweer/88089-
134503.html). 
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Any polygonal cross-section, such as octagon or decagon, can be used for 
supporting towers. However, although there is a wind turbine with a tetradodecagon 
tower in Europe, as shown in Figure 1 (https://pdf.archiexpo.com/pdf/siemens-
gamesa/bolted-steel-shell-toweer/88089-134503.html), the aeroelastic performances of 
wind turbines with polygonal towers have not been properly and thoroughly 
investigated. In the present study, the effects of polygonal cross-sections were 
investigated through aeroelastic tests. Considered polygonal cross-sections of tower 

were square (4), square helical (4, helical angle 180°), octagon (8), decagon (10), 

dodecagon (12), tetradecagon (14) and circular (∞). In these tests, reference mean 

wind speed at hub height Uref, wind direction θwd and azimuth angle θazi were 
considered as the main parameters. Severe wind was assumed with the rotor in parked 
condition with a pitch angle of θpit = 90°. 
 

Table 1. Wind turbine details (in full scale). 

Rated power 5MW 

Control type Pitch control 

Hub height 90m 

Hub length / diameter  
(half prolate spheroid) 

4m / 4m 

Nacelle (box shape) 4m × 4m × 10m 

Circular tower top / bottom diameter 4m / 6m 

Blade shape (slightly modified near root) LM-Glasfiber (LMH64-5) 

Blade maximum width / length 4m / 60m 

Rotor diameter 124m 

 
2. WIND TUNNEL TEST 
 
     Wind tunnel tests were conducted in an open-circuit turbulent-boundary-layer 
wind tunnel. A 5 MW pitch-control wind turbine was considered and hub height and 
rotor diameter were assumed to be 90 m and 124 m in full scale, respectively. A length 
scale of 1/100 and a time scale of 1/10 were assumed. Table 1 shows details of the 
wind turbine. Blades were based on the LM-Glasfiber blade (Jonkman et al., 2009), and 
a box shaped nacelle and a half prolate spheroid hub were used. For direction 
comparison, the same topside structure (rotor and nacelle) was used for all polygonal 
towers. 

Figure 2 shows the cross-sectional shapes of the polygonal towers. Seven cross-
sections, including square, square helical (helical angle of 180°), octagon, decagon, 
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dodecagon, tetradecagon and circular, were considered and a size of circular tower, as 
a prototype, was determined considering existing wind turbines with a bottom diameter 
of 6 m and a top diameter of 4 m. Heights and cross-sectional areas of polygonal 
towers were designed to be the same as that of the circular tower. Figure 3 shows a 
setting of wind turbine model with a square helical tower in the wind tunnel. 

 

       

       
Square 

(4) 
Sq. Helical 

(4) 
Octagon 

(8) 
Decagon 

(10) 
Dodecagon 

(12) 
Tetradecagon 

(14) 
Circular 

(∞) 
Fig. 2 Polygonal cross-sectional towers. 

 

     
Fig. 3 Wind turbine with square helical tower.  Fig. 4 Profiles of incident flow. 
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Fig. 5 Coordinate system (left) and azimuth angle (right). 

 
Table 2. Conditions of aeroelastic test. 

Top diameter of circular tower Dtop 0.04 m 

Bottom diameter of circular tower Dbottom 0.06 m 

Representative length Dref 
(diameter of circular tower at 0.5Href) 

0.05 m 

Href 0.9 m 

Normalized wind speed 
U* = Uref / (Dref × f0) 

Tower only ~ 23 

Wind turbine ~ 32 

Wind direction θwd
*1 

Tower only 0° 

Wind turbine 0° and 90° 

Azimuth angle θazi 

Tower only - 

Wind turbine 0°, 30°, 60°, 90° 

Natural frequency 

Tower only ftower 5.6 Hz 

Wind turbine fwturbine 3.5 Hz 

Damping ratio 

Tower only 0.8 % 

Wind turbine 1.1 % 

*1 wind direction 0° was defined as wind direction normal to one of the surfaces. 
 

+L (+D)

+D 

(－L)

90°

0°
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Figure 4 shows the profiles of the mean wind speed and turbulence intensity of an 
incident flow. Boundary-layer flow representing an open area (power-law exponent α = 
0.15) was simulated using spires and various-sized roughness elements. The 
turbulence intensity at hub height was about Iu,ref ≈ 11%. Reference mean wind 
speeds at hub height Uref were changed up to 6.3 m/s for a tower-only case and 5.6 
m/s for a wind-turbine case, giving a normalized wind speed of 23 for the tower-only 
case and 32 for the wind turbine case, where a normalized wind speed was defined as 
U* = Uref / (Dref × f0). Dref is a reference length which is the diameter at mid-height of 
the circular tower and f0 is the natural frequency of the aeroelastic system with test 
models (ftower or fwturbine). 

Aeroelastic tests were conducted with and without topside structures. In the 
present study, results without topside structure are indicated as tower-only case. 
Displacements at the bottom of the test models were measured by laser displacement 
sensors in the D and L directions as shown in Figure 5, and the displacements were 
converted to displacements at hub height. Wind directions of 0° and 90° were 
considered, and four azimuth angles were considered, where an azimuth angle of 0° is 
defined as when one of the blades was vertical, and an azimuth angle of 60° as when 
one of the blades was located in front of the tower (pitch angle 90°). The sampling 
frequency of the laser displacement sensors was 600 Hz, and the measurement time 
was adjusted such that 10 10-minute samples were obtained. The natural frequencies 
and damping ratios were adjusted by using the spring stiffness and magnet at the 
bottom of the aeroelastic system. The natural frequencies were determined to be 5.6 
Hz and 3.5 Hz for the tower-only case and the wind-turbine case, and damping ratios 
were 1.1 % and 0.8 %, respectively, based on field measurement data (Japan Society 
of Civil Engineers, 2010). Conditions of the aeroelastic tests are shown in Table 2. 
Reynolds number Re, defined using reference length Dref and reference wind speed at 
hub height Uref, was about Re = 1.8×104 and the maximum blockage ratio was less 
than 2%, so no corrections were made to the test data. 
 
3. RESULTS AND DISCUSSIONS 
 

3.1 Mean and fluctuating displacement 
Figure 6 shows the mean and fluctuating displacements in the along-wind 

direction for tower-only cases. For these cases, only one wind direction, which is 
normal to one of the surfaces, was considered. The abscissa indicates normalized wind 
speed by a reference wind speed at hub height Uref, a reference length Dref, and a 
natural tower frequency ftower. The ordinate indicates normalized mean (Dmean) and 
fluctuating (Dstd) displacements in the along-wind direction normalized by a reference 
length Dref. Mean displacements in Figure 6(a) increase almost in proportion to the 
square of mean wind speed and they decrease with increasing number of tower sides, 
showing a maximum value for the square tower. Fluctuating displacements in Figure 
6(b) also increase in proportion to the square of mean wind speed, but the increase for 
the square tower is larger than those of the others. 
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(a) Mean displacement    (b) Fluctuating displacement 
Fig. 6 Mean and fluctuating displacements in along-wind direction for tower-only cases. 
 

    

(a) Fluctuating displacement    (b) Close-up view of blue dotted box in (a) 
Fig. 7 Fluctuating displacements in across-wind direction for tower-only cases. 

 
Figure 7 shows the fluctuating displacements (Lstd) in the across-wind direction 

for tower-only cases. As can be clearly seen in Figure 7(a), fluctuating displacements 
for the square tower are much larger than those for the other towers, showing instability 
vibrations. Figure 7(b) is a close-up view of the blue dotted box in Figure 7(a). For all 
polygonal towers except the square tower, limited vibrations such as vortex-induced 
vibration were observed near the normalized wind speed of 6.3, showing quite large 
vibrations for the octagonal tower. Fluctuating displacements by vortex shedding 
decrease with increasing number of sides, and the difference between the 
tetradecagon and circular towers is very small. Generally, as limited vibrations by 
vortex shedding were strongly related to vortex formation and shedding, it can be 
understood that vortex shedding weakens as the number of sides increases. For 
normalized wind speed larger than 15, the fluctuating displacements for the decagonal 
tower becomes large. The aspect ratio (Href / Dref) of the circular tower used in the 
present study is 18. Thus, aeroelastic characteristics depending on cross-sectional 
shapes are clearly observed. Note that a tapering ratio of the circular tower is about 2%, 
defined as ((Dbottom - Dtop) / Href) × 100 

Figure 8 shows the mean displacements in the along-wind direction for wind 
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turbines with square and circular towers. The abscissa indicates normalized wind 
speed normalized by a natural frequency for wind tower fwturbine, and the symbols in 
the figure indicate normalized mean displacement under various conditions labeled as 
azimuth angle - wind direction (θazi - θwd). As shown in Figure 8, the mean 
displacements in the along-wind direction increase in proportion to the square of mean 
wind speed, showing smaller values for azimuth angle θazi = 60°. Mean displacements 
for wind direction θwd = 90° are larger than those for wind direction θwd = 0°, because 
at wind direction θwd = 90° wind is applied to the wide side of the blades. Wind turbines 
mounted on other polygonal towers show similar trends. 
 

    

(a) Wind turbine mounted on square tower (b) Wind turbine mounted on circular tower 
Fig. 8 Mean displacements in along-wind direction for wind turbines mounted on square 

and circular towers. 
 

    

(a) Along-wind direction             (b) Across-wind direction 
Fig. 9 Fluctuating displacements for wind turbine mounted on circular tower. 

 
Figure 9 shows the fluctuating displacements in along- and across-wind directions 

for a wind turbine mounted on a circular tower. Like the mean displacement, the 
fluctuating displacements increase in proportion to the square of mean wind speed, but 
unlike the mean displacements, differences among wind directions and azimuth angles 
are not clear, and only small difference were found between the along- and across-wind 
directions. 

θwd = 90° 

θwd = 0° 

θwd = 90° 

θwd = 0° 
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(a) Along-wind direction (b) Across-wind direction 
Fig. 10 Maximum mean displacements for wind turbines mounted on various polygonal 

towers. 
 

    

(a) Along-wind direction (b) Across-wind direction 
Fig. 11 Maximum fluctuating displacements for wind turbines mounted on various 

polygonal towers. 
 

Figures 10 and 11 show the maximum mean and fluctuating displacements for 
wind turbines mounted on various polygonal towers. Here, maximum displacements are 
defined as the largest values for all wind directions and all azimuth angles at a specific 
wind speed. Surprisingly, for maximum mean and fluctuating displacements, only small 
differences were found among polygonal towers, except for the maximum fluctuating 
displacements in the across-wind direction. For the maximum fluctuating displacement, 
the wind turbine mounted on the square tower shows larger values than the others, but 
the instability and limited vibrations found for the tower-only cases were not found. This 
was considered to result from the existence of blades. Even though the blades were not 
rotating, as the force on the topside structures were larger than that on the tower, the 
effect of cross-sectional tower shapes becomes small except for the wind turbine 
mounted on the square tower in the across-wind direction. 
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(a) U* = 1.21 (b) U* = 6.25 
 

 
(c) U* = 10.89 

Fig. 12 Power spectra of square tower (tower-only case). 
 
3.2 Power spectrum of displacement 
Power spectra of displacements at hub height were calculated to examine the 

vortex shedding condition of wind turbines with and without topside structures. The 
power spectra of the square tower (tower-only case) are shown in Figure 12 for some 

normalized wind speeds. The dotted vertical line indicates the system’s natural 

frequency. For normalized wind speed U* = 1.21 (Figure 12(a)), two peaks are clearly 

found. One corresponds to the vortex shedding frequency fs (▼in the figure) and the 

other to the natural frequency of the system f0 (● in the figure), showing a similar 

power. When the normalized wind speed increases near U* = 6.25 (Figure 12(b)), only 
one peak is found, meaning that a lock-in mechanism occurs. As the normalized wind 
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speed further increases, a peak in vortex shedding frequency can again be found 
(Figure 12(c)). This peak is rather small and the reason for this can be understood 
when the power spectrum of the displacement is calculated from the displacement 
mechanical admittance and the power spectrum of the generalized force (Kim et al, 
2018). The small peak after lock-in range results from the characteristics of the 
displacement admittance function, i.e., it gives an almost constant value when the 
frequency is lower than the natural frequency, but it drops quickly right after natural 
frequency and approaches zero. This quick drop is attributed to the small peak in vortex 
shedding frequency. Similar discussions can be made for other polygonal towers, but it 
was found that the peaks in vortex shedding frequency were greatly suppressed 
depending on the cross-sectional shape. For the normalized wind speed where 
instability vibrations were found, the powers of natural frequencies greatly increased, as 
also pointed out by Kawai (1995). 

The normalized shedding frequencies fs / f0 identified from the spectral peaks are 
plotted in Figure 13 in terms of normalized wind speed U* for some polygonal towers. It 
is possible to clarify the obvious lock-in range where the shedding frequency fs is close 
to the natural frequency f0, deviating from the linear increasing trend. The lock-in range 
for the square and octagonal towers starts near normalized wind speed U* = 6.25, and 
that for the dodecagonal and tetradecagonal towers starts near normalized wind speed 
U* = 4.32, showing a larger lock-in range. For the dodecagonal and tetradecagonal 
towers, even though lock-in starts at a smaller normalized wind speed, peak powers in 
power spectra were smaller than those for the square and octagonal towers. 

The slopes in Figure 13 can be understood as Strouhal number St, which is a 
nondimensional parameter commonly used to study vortex-shedding frequency, and 
the St of the square tower is about St = 0.14, the St of the octagonal tower is about St = 
0.16, the St of the dodecagonal tower is about St = 0.17 and the St of the 
tetradecagonal tower is about St = 0.18, showing larger Strouhal number with 
increasing number of sides. 

 

 

Fig. 13 Variation of normalized shedding frequencies on various polygonal towers 
(tower-only case). 
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(a) Azimuth angle θazi = 0º    (b) Azimuth angle θazi = 60º 
Fig. 14 Power spectra of wind turbine mounted on square tower at θwd = 0º. 

 
Figure 14 shows the power spectra of the wind turbine mounted on the square 

tower for wind direction θwd = 0º. When azimuth angle θazi = 0º and U* is small (U* 

= 1.94), there are two clear peaks, one for the vortex shedding frequency fs (▼in the 

figure) and the other for the natural frequency of the system f0 (● in the figure), but for 

the larger normalized wind speed, only one peak is shown over a wide range of 

normalized wind speeds. For azimuth angle θazi = 60º, similar discussions can be 

made, but the peak for the vortex shedding frequency fs (▼in the figure) is quite small 

because one of the blades is located just in front of the tower, disturbing the regular 
vortex formation and shedding. For the wind turbine cases, no peaks in vortex shedding 
frequency beyond the lock-in range were found for all cases.  

Figure 15 shows the variation of spectral peaks at the natural frequency in power 
spectra. For tower-only cases in Figure 15(a), there seem to be two slopes in the 
variations of peaks, and the slope changes near U* = 6.25, where limited vibrations 
occur as shown in Figure 7(b). Below U* = 6.25, there are only small differences in 
peak values, but the difference between that of the square tower and others becomes 
larger as the normalized wind speed increases, which is consistent with Figure 7(b). 
One interesting point is that the peak value for the octagonal tower at U* = 6.25 is even 
larger than that for the square tower. For U* = 6.25, the fluctuating displacement for the 
octagonal tower is larger than that for the square tower as shown in Figure 7(b). Figure 
15(b) and (c) show the variation of peak value for wind turbines with square and 
tetradecagonal towers. The solid square symbols indicate the peak values for 
corresponding tower-only cases shown in Figure 15(a). For the wind turbine mounted 
on the square tower, there are large differences between peak values for the tower-only 
case and the wind-turbine case, showing only small differences for wind turbines under 
various conditions. But for the wind turbine mounted on the tetradecagonal tower, only 
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small differences were found between the values for the tower-only case and the wind-
turbine case under various conditions, and this trend was also found for the other wind 
turbines mounted on polygonal towers (except square tower). 
 

 
(a) Tower-only case 

 

 
(b) Wind turbine mounted on square tower (c) Wind turbine mounted on tetradecagonal 

tower 
Fig. 15 Variation of spectral peaks at natural frequency in power spectra. 

 
4. CONCLUDING REMARKS 
 

Aeroelastic tests were conducted for wind turbines mounted on various polygonal 
towers, including square, square helical (helical angle 180°), octagon, decagon, 
dodecagon, tetradecagon and circular. From the series of the wind tunnel tests, the 
following concluding remarks can be made. 
For tower-only cases, a square tower shows instability vibration and for other polygonal 
towers, limited vibrations were found near normalized wind speed U* = 6.25. For wind 
turbines under various conditions, no instability vibration or limited vibration were found 
and the displacements increased in proportion to the square of mean wind speed. It is 
assumed that the existence of blades in front of the tower disturbs the incoming flow, 

Tower-only case 

Tower-only case 

Wind turbine cases 

Wind turbine cases 
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preventing regular vortex formation and shedding. Generally, it can be concluded that 
the effect of cross-sectional tower shapes on wind turbine systems are small except for 
the square tower in the across-wind direction because the forces on the topside 
structure are larger than those on the tower. 

Strouhal number St for the tower-only case tends to increase with increasing 
number of sides.  

There are large differences among peak values for the square-tower-only case 
and the wind turbine mounted on the square tower, but for wind turbines mounted on 
other polygonal towers, only small differences were found between tower-only case and 
wind-turbine case under various conditions. 
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